The retinoblastoma gene product (pRb) interacts with many cellular proteins to function in the control of cell division, dierentiation, and apoptosis. Several pRb binding proteins complex with pRb through an amino acid sequence called the LXCXE motif. The catalytic subunit of DNA polymerase d (p125) contains a LXCXE motif. To further study the biochemical function of this polymerase, we sought to determine if p125 interacts with pRb. Experiments using GST-pRb fusion proteins showed that p125 from breast epithelial (MCF10A) cell extracts associates with pRb. In addition, GST-p125 fusion proteins bound pRb from the same cell extracts. The pRb that associated with GST-p125 was largely unphosphorylated. Coimmunoprecipitation experiments using cell cycle synchronized cells revealed that p125 and pRb form a complex predominantly during G 1 phase, the phase during which pRb is mostly unphosphorylated. In vitro phosphorylation of GST-pRb by the cyclin dependent kinases reduced the ability of p125 to associate with GST-pRb. Addition of the LXCXE containing protein SV40 large T antigen to GST-pRb blocks the ability of p125 to associate with pRb, suggesting that it may be through a LXCXE sequence by which p125 interacts with pRb. Finally, in vitro polymerase assays demonstrate that GST-pRb fusion protein stimulates DNA polymerase d activity.
Introduction
The growth suppressive activity of the product of the retinoblastoma susceptibility gene, pRb, is manifested through its interactions with many cellular proteins. The ®nding several years ago that pRb forms speci®c complexes with several viral transforming proteins, including E1A from adenovirus, SV40 large T antigen and papilloma virus E7 (DeCaprario, 1988; Whyte et al., 1988; Dyson et al., 1989) led to the search for cellular proteins that associate with pRb under normal physiological conditions. These studies led to the discovery that members of the E2F transcription factor family are inhibited by binding to pRb (Chittenden et al., 1991; Bagchi et al., 1991; Chellappan et al., 1991) . This ability of pRb to inhibit E2F mediated transcriptional activity is dependent upon the phosphorylation state of pRb, which¯uctuates during the cell division cycle. pRb is largely unphosphorylated (hypophosphorylated) during G 1 phase of the cell division cycle, until members of the cyclin dependent kinase (cdk) family phosphorylate pRb in mid to late G 1 (Sherr, 1996) . In S phase, pRb exists in its hyperphosphorylated state which is unable to bind E2F. Thus, it is during G 1 that unphosphorylated pRb binds to and sequesters E2F transcriptional activity, until phosphorylation of pRb releases E2F thereby stimulating gene transcription required for S phase progression. Since E2F belongs to a family of transcription factors (E2F 1 ± 5) that possess transcriptional activity mediated by binding to members of the pRb family of`pocket' proteins (i.e. p107 and p130), it is not surprising that their binding is also regulated by cell cycle phase speci®c phosphorylation (Grana et al., 1998 for review) .
Recently, several additional pRb binding proteins have been identi®ed. However, the physiological relevance of such interactions have been elucidated for only a few (Taya, 1997) . The cellular processes that pRb has been found to be involved are diverse. In addition to its role in controlling cell division cycle progression, pRb directly aects the processes of transcription, dierentiation and DNA replication. To inhibit transcription, pRb binds to histone deacetylase (HDAC) which promotes assembly of DNA into nucleosomes, resulting in repression of transcription (Luo et al., 1998; Brehm et al., 1998) . pRb has also been found to bind to myogenic and lymphoid speci®c transcription factors which control progression into the dierentiated state in these cell types (Wang et al., 1993; Gu et al., 1993) . In addition, pRb has been reported to interact with molecules involved in DNA replication, such as DNA polymerase a, pur a and MCM7. DNA polymerase a is involved in both leading and lagging strand synthesis (Wang, 1991) and is inhibited by the binding of phosphorylated pRb (Takemura et al., 1997) . Pur a is a sequence speci®c single stranded DNA binding protein involved in gene transcription and DNA replication. The interaction between pur a and pRb has been shown to modulate the binding of pur a to its single stranded recognition element (Johnson et al., 1995) . The yeast two-hybrid technique was used to identify MCM7 as a putative pRb binding protein (Sterner et al., 1998) . MCM7, a member of the minichromosome maintenance family of proteins, is a component of licensing factor required for DNA replication. It was further shown by coimmunoprecipitation that MCM7 and pRb form an in vivo complex in cells and that the amino terminal portion of pRb somewhat inhibited replication in a Xenopus DNA replication system. However, the interaction of MCM7 and pRb has not been shown to be a direct one.
The site of viral transforming protein interaction with pRb has been identi®ed as a short stretch of amino acids called the LXCXE motif (Moran et al., 1986; Lillie et al., 1987; DeCaprario et al., 1988; Smith and Zi, 1988; Moran, 1988; Cherington et al., 1988; Whyte et al., 1989) . The cellular proteins that interact with pRb and contain this sequence or a related sequence include the D-type cyclins, Protein phosphatase 1, UBF, and BRG1 (Dowdy et al., 1993 , Taya, 1997 , Durfee et al., 1993 , Dunaief et al., 1994 . The amino acid sequence of the catalytic subunit of the eukaryotic DNA polymerase d (pol d) also contains the LXCXE pRb-binding sequence. Pol d is the central enzyme in DNA replication and plays a role in DNA repair (Waga and Stillman, 1994; Zeng et al., 1994a) . This enzyme is distinguished from DNA polymerase a and b by its intrinsic 3' to 5' exonuclease activity. Pol d isolated from calf thymus or human cells consists of at least two core subunits of 125 kDa (catalytic subunit) and 50 kDa (Lee et al., 1984 (Lee et al., , 1991 and at least two other subunits Liu et al., 2000) . Since the molecular weight of the DNA polymerase holoenzyme predicted from gel ®ltration chromatography analysis exceeds 400 kDa, it is anticipated that DNA polymerase d is a large, multi-subunit protein complex.
In this study we describe the interaction of the catalytic subunit of DNA polymerase d with the tumor suppressor protein pRb. The association of these two proteins is dependent upon pRb phosphorylation state, and is regulated dependent upon cell cycle phase. Our data also supports the idea that p125 binds to pRb through its LXCXE amino acid sequence.
Results
The amino acid sequence of DNA polymerase d catalytic subunit (p125) contains the LXCXE motif (residues 711 ± 715) found in various pRb-binding proteins (DeCaprario et al., 1988; Whyte et al., 1988; Wang et al., 1993; Ewen et al., 1993; Dunaief et al., 1994; Woitach et al., 1998) . We undertook this study to determine whether p125 could indeed bind to pRb and, if so, whether this motif is involved in the interaction. Towards this goal, in vitro pull-down assays were performed using bacterially expressed full-length GSTpRb (residues 1 ± 928) using lysates from the breast epithelial cell line, MCF10A, and the breast cancer cell line, MCF7. After puri®cation on glutathione sepharose, GST-pRb interacting proteins were eluted with excess glutathione and analysed by Western blotting using monoclonal (78F5) antibodies that recognize p125 (Jiang et al., 1995) . As shown in Figure 1 , p125 found in MCF10A and MCF7 cell lysates was able to bind to GST-pRb (lanes 3 and 6), but not to GST alone (lanes 2 and 5). In attempt to determine the region of pRb required for binding to p125, we also performed pull-down assays using fusion proteins encoding partial pRb amino acid sequences. The fusion proteins employed consisted of the amino terminus (aa 1 ± 379), small pocket (aa 379 ± 772) and large pocket (aa 379 ± 928) domains of pRb. These partial sequence fusion proteins were unable to bind to and precipitate p125 (data not shown), suggesting that p125 requires more than one region of pRb for interaction.
Since the in vitro interaction of p125 with pRb was found in both MCF7 and MCF10A cells, subsequent studies utilized phenotypically normal MCF10A cells to further characterize the association of pRb with p125. We performed reciprocal GST fusion pull-down assays using GST-p125. GST-p125 interacting proteins were subjected to Western blotting and probed sequentially with two dierent antibodies directed toward pRb. The ®rst, shown in Figure 2 (top panel, lane 3), recognizes unphosphorylated pRb (Pharmingen Figure 1 GST-Rb pull down assay. GST or GST-Rb (0.5 ug) was added to MCF10A or MCF7 cell lysates and the bound protein was analysed by Western blot using antibodies to the catalytic subunit of DNA polymerase d (p125). p125 is detected in GST-Rb pull downs (lanes 3 and 6) but are not detected in GST pull downs (lanes 2 and 5) Figure 2 GST-p125 pull down assay. GST (lane 2) or GST-p125 (lane 3) was added (0.5 ug) to 200 ug of MCF10A cell lysates and the bound protein was analysed by Western blot using antibodies to unphosphorylated pRb (top panel). The same blot was subsequently reprobed with an antibody raised to phosphorylated pRb (lower panel). Lane 1 shows the relative amounts of unphosphorylated and phosphorylated pRb in the MCF10A lysates G99 ± 549) and the second, shown in the lower panel of Figure 2 , recognizes the phosphorylated forms of pRb (Pharmingen G33 ± 245). Unphosphorylated pRb is found to be associated with GST-p125, whereas the phosphorylated form of pRb is not. In fact, there is signi®cantly more phosphorylated Rb (lane 1, lower panel), relative to the amount of unphosphorylated pRb (lane 1, upper panel), in the cell lysate, which is characteristic of actively dividing cells. This result suggests that the unphosphorylated form of pRb preferentially binds to p125.
To determine whether the interaction of p125 and pRb occurs in vivo, coimmunoprecipitation experiments were performed. Figure 3a shows the coprecipitation of p125 with pRb antibody (lane 3) which comigrates with p125 immunoprecipitated by the 78F5 antibody (lane 2). The association of p125 and pRb was further veri®ed by subsequent immunoprecipitation using polyclonal antibodies to p125. As shown in Figure  3b , immunoprecipitation using antibodies raised to either the C-terminus or the N-terminus of p125 (lanes 2 and 3, respectively), coimmunoprecipitates pRb with p125. The fact that p125 coprecipitates with pRb and pRb with p125 utilizing normal mammalian cells suggests that these two proteins form a complex in vivo.
Because it appeared from the pull-down assays that it was the unphosphorylated form of pRb that could bind to p125, and the fact that the phosphorylation state of pRb varies during the cell cycle, we next sought to determine whether pRb-p125 complex formation was regulated in a cell cycle fashion. To do this, we isolated pRb-p125 coimmunocomplexes from cells enriched in the G 1 and S phases of the cell cycle. MCF10A cells were synchronized in either G 1 or S phase of the cell cycle and assayed for pRb phosphorylation state by Western blotting. pRb isolated from G 1 synchronized cells is largely unphosphorylated, whereas pRb found in S phase synchronized cells is largely hyperphosphorylated. Figure 4a shows pRb isolated from G 1 arrested cells (lane 1) and S phase arrested cells (lane 2). The phosphorylated form of pRb is detected in the S phase arrested cells and not in the G 1 arrested cells. Using the G 1 and S phase synchronized cell lysates, coimmunoprecipitation using the monoclonal p125 and pRb antibodies was performed. Figure 4b shows the detection of p125 in p125 immunoprecipitates during G 1 and S phases (lanes 3 and 4) and the detection of p125 coprecipitating with pRb only in G 1 (lane 5) and not in S phase (lane 6). This result, taken together with the result shown in Figure 2 , strengthens the argument that p125 forms a complex with pRb when pRb is unphosphorylated during G 1 .
We next sought to determine whether phosphorylation of pRb would lead to the inhibition of binding of p125. To address this, 0.5 mg of GST-pRb fusion protein was phosphorylated in vitro by cdk2 or cdk4 protein kinases immunoprecipitated from CV-1P monkey kidney cells. The cdk2-and cdk4-phosphorylated GST-pRb was subsequently utilized in the pull-down assay using MCF10A cell extracts. GST-pRb associated p125 was detected by Western blotting. As shown in Figure 5 , GST alone does not associate with p125 (lane 1). Unphosphorylated GST-pRb (lane 2) binds p125. However, GST-pRb phosphorylated by cdk2 (lane 3) and phosphorylated by cdk4 (lane 4) brings down only approximately 50% of the amount of p125 that unphosphorylated GST-pRb copuri®es. This result suggests that phosphorylation of GST-pRb inhibits the binding of p125.
Finally, we addressed the site of pRb interaction with p125. The LXCXE amino acid motif of p125 may comprise part of the interaction domain between p125 and pRb. Therefore, we attempted to block the interaction between pRb and p125 using competition assays. First, we tested the ability of SV40 large T antigen, which has been shown to interact with pRb Immunoprecipitation with antibodies raised to p125 (lane 2) or pRb (lane 3) was performed as described in Materials and methods and analysed by Western blot using p125 antibodies. Lane 3 shows p125 coprecipitation with pRb antibodies, which comigrates with p125 immunoprecipitated by p125 antibody (lane 2). Control immunoprecipitations using antibodies to PCNA (proliferating cell nuclear antigen) did not immunoprecipitate p125. (b) Coprecipitation of pRb with p125 antibodies. Immunoprecipitation of MCF10A lysates was performed using antibodies raised to two regions of the p125 protein (lanes 2 and 3). The immunoprecipitates were analysed by Western blot using antibodies to p125 or pRb. Lanes 2 and 3 show coimmunoprecipitation of pRb with p125 through its LXCXE domain, to block p125 interaction with pRb. In addition, we utilized a synthetic LXCXE peptide to block the interaction of p125 with GST-Rb consisting of the following sequence: QPGTTDLY-CYEQLNDSS. This peptide has been utilized previously to demonstrate the importance of the LXCXE region in protein binding to pRb (Jones et al., 1990 , Wang et al., 1993 . As shown in Figure 6 , large T antigen completely blocks p125 interaction with GSTpRb (lane 3 vs lane 2) whereas the LXCXE peptide partially blocks this interaction (lane 6 vs lane 5). It may be that the LXCXE motif of p125 makes up only part of the interaction domain between p125 and pRb.
Attempts to elucidate the functional signi®cance of pRb-p125 binding have been conducted using polymerase activity assays (Roche Molecular Biochemicals). DNA polymerase d was puri®ed from calf thymus using an immunoanity column (Jiang et al., 1995) and polymerase activity was measured in the presence of nanogram quantities of GST or GST-pRb fusion proteins. As shown in Figure 7 , GST-pRb increased the activity of puri®ed DNA polymerase d 2 ± 3-fold relative to GST controls. Figure 5 Phosphorylation of GST-Rb reduces p125 association. GST-Rb pull down assays were performed using 200 ug of MCF10A lysate plus GST (lane 1), GST-Rb (lane 2), or GST-Rb in vitro phosphorylated by cdk2 (lane 3) or cdk4 (lane 4). Bound protein was analysed by Western blot using antibodies to p125. GST-pRb pulls down p125 (lane 2) whereas GST alone does not (lane 1). Phosphorylation of GST-Rb by cdk2 or cdk4 reduces the amount of p125 that associates with GST-Rb by approximately 50% (lanes 3 and 4) Figure 6 Blocking of p125 binding to GST-Rb by large T antigen and the LXCXE peptide. GST-Rb pull down assays were performed using GST (lanes 1 and 4) or GST-Rb (lanes 2 and 5) or GST-Rb preincubated with SV40 large T antigen (lane 3) or the LXCXE peptide (lane 6), followed by Western blotting using antibodies to p125. SV40 large T antigen blocks the binding of p125 to GST-Rb (lane 3 vs lane 2) whereas the LXCXE peptide partially blocks the binding of p125 to pRb (lane 6 vs lane 5) Figure 7 Eect of GST-Rb on p125 catalytic activity. Polymerase assays were performed as described in Materials and methods and conducted in triplicate. The graph shown is representative of four separate experiments. One or 10 ng GST has no eect on DNA polymerase d activity, however, 1 or 10 ng GST-pRb increases DNA polymerase d activity 2 ± 3.5-fold a b Figure 4 Association of p125 with pRb in G 1 phase of the cell cycle. MCF10A cells were synchronized in the G 1 or S phase of the cell cycle as described in Materials and methods. To detect the phosphorylation state of the pRb protein, 100 ug of cell lysate from synchronized populations of cells were subjected to 6% SDS-gel electrophoresis and Western blotting. As shown in the top panel, unphosphorylated pRb is present in both G 1 and S phase (lower band), however, phosphorylated pRb is present only in S phase (upper band). G 1 arrested cell lysates (lane 1) contain predominantly unphosphorylated pRb, whereas the S phase arrested cell lysates (lane 2) contain predominantly phosphorylated pRb. These cellular lysates (1 mg) were subjected to immunoprecipitation with p125 (lanes 3 and 4) or pRb (lanes 5 and 6) antibodies, followed by Western blot analysis using antibodies raised to p125. Coprecipitation of p125 with pRb antibodies is detected within the G 1 phase arrested cellular lysates (lane 5), but is not detected in the S phase arrested cellular lysates (lane 6)
Discussion
The activity of DNA polymerase d (pol d) is required during the S phase of the cell cycle when cellular DNA is replicated in preparation for mitosis. The activity of pol d thus must be regulated in a cell cycle dependent fashion. In molt4 cells, expression of DNA polymerase d is found to be elevated threefold at the G 1 /S border compared to other phases of the cell cycle (Zeng et al., 1994b) . In addition, the catalytic subunit of pol d (p125) is phosphorylated in a cell cycle dependent manner, with its highest phosphorylation state detected during S phase. The amino acid sequence of p125 contains consensus phosphorylation sites for the cdks as well as DNA-dependent protein kinase (Yang et al., 1992) . Although work to date has not revealed that phosphorylation of p125 aects polymerase activity, it is interesting to note that speci®c combinations of cyclins and cdks preferentially phosphorylate p125 when coexpressed in sf9 cells (Wu et al., 1998) . For example, cdk2-cyclin E phosphorylates p125 whereas cdk2-cyclin A does not. In addition, cdk4 phosphorylates p125 only when coexpressed with cyclin D 3 , but not when coexpressed with cyclin D 1 or D 2 . In molt4 cells, immunoprecipitation experiments have shown that p125 is capable of forming an in vivo complex with cdk2. Thus, even though changes in p125 phosphorylation state do not aect the polymerase activity of the catalytic subunit in an in vitro assay, this does not preclude the possibility that phosphorylation of p125 regulates the function of the DNA polymerase d holoenzyme, perhaps through modulation of protein complex formation.
In this study, we present evidence suggesting that the catalytic subunit of DNA polymerase d (p125) binds to and is potentially regulated by the retinoblastoma protein. In vitro pull down experiments determined the speci®city of the association between p125 and GST-Rb, as well as the association of unphosphorylated Rb with GST-p125 (Figures 1 and  2 ). Since GST fusion proteins expressed in bacteria are not subjected to post-translational phosphorylation, GST-Rb was subsequently phosphorylated in vitro using active cdk2 and cdk4 enzyme to determine the eect of pRb phosphorylation on p125 binding capability ( Figure 5 ). As cells pass through G 1 phase into S phase, pRb becomes phosphorylated on several serine and threonine residues ®rst by cdk4-cyclin D enzymes followed by the cdk2-cyclin E enzyme. This modi®cation leads to the release of pRb-binding proteins such as E2F, or in virally transformed cells, the large T antigen or E7 proteins. Therefore, we speculated that phosphorylation of GST-Rb might inhibit p125 binding. In fact, phosphorylation by cdk2 or cdk4 each reduced p125 binding to GST-Rb by approximately 50%. This result suggests that phosphorylation of pRb by cdks which occurs as cells pass from G 1 phase into S phase may inhibit binding of p125 to pRb.
Coimmunoprecipitation experiments have often been utilized to demonstrate in vivo association of pRb binding proteins with pRb. Our results show that p125 coimmunoprecipitates with pRb using pRb antibodies, and that pRb coimmunoprecipitates with p125 using two dierent polyclonal antibodies raised to p125 (Figure 3a,b) . Furthermore, the association of p125 with pRb preferentially occurs during G 1 , when pRb is predominantly unphosphorylated (Figure 4) .
The ®nding that (unphosphorylated) GST-pRb enhances DNA polymerase d activity (Figure 7 ) may seem at ®rst to con¯ict with our association data that shows that unphosphorylated pRb binds to p125 during G 1 , an interval during which DNA pol d activity is minimal. However, the multimeric DNA pol d enzyme has not yet been fully characterized, therefore, it cannot be predicted at this time the eect pRb binding may have on the regulation of DNA polymerase d, as well as the eect pRb binding may have on the phosphorylation state of either the p125 catalytic subunit or that of the other interacting subunits. Although the precise mechanism by which pRb regulates DNA pol d activity in vivo must await the complete identi®cation of the components of the enzyme, our polymerase assay data clearly indicate that pRb eects DNA pol d activity.
Our approach to analyse the regions of pRb required to associate with p125 using partial sequence pRb GST fusion proteins suggest that more than one region of pRb is required for p125 binding. However, the blocking experiments shown in Figure 6 indicate that p125 associates with pRb through a similar sequence as does the SV40 large T antigen, most likely through the LXCXE amino acid motif found in many pRb-binding proteins. Thus, the evidence presented in this report supports the idea that pRb and p125 interact during G 1 of the cell cycle, that phosphorylation of pRb by the cdks inhibits their association, and that these proteins may interact through the pRb binding motif, LXCXE, found in p125 of DNA polymerase d.
Materials and methods

Cell growth conditions
MCF7 and CV-1P cells were maintained in Dulbecco's modi®ed Eagle's medium (DMEM, Gibco-BRL, Life Technologies, Gaithersburg, MD, USA) containing 10% fetal bovine serum or 10% newborn bovine serum at 378C in a humidi®ed, 5% CO 2 -containing atmosphere. MCF10A cells were grown in DMEM-F12 media supplemented with 5% horse serum, 20 ng/ml recombinant human EGF (Gibco), 100 ng/ml cholera toxin (Gibco), 500 ng/ml hydrocortisone (Sigma), and 0.01 mg/ml human insulin (Lilly). Cells were maintained below 80% con¯uent throughout the analysis. For cell cycle synchronization in G 1 , MCF10A cells were grown for 3 days in methionine free DMEM supplemented with 2% dialyzed calf serum (Gibco). To enrich cell populations for cells in S phase, MCF10A cells were grown in methionine free DMEM for 2 days followed by a 16-h incubation with 0.5 mM hydroxyurea (Sigma). After hydroxyurea incubation, cells were trypsinized o the dishes and replated in fresh, drug free medium. Three to four hours later cells were removed and subjected to analysis.
GST-fusion protein expression and pull down assays
Full-length pRb fused to glutathione-S-transferase (GSTpRb (1 ± 928) ) was expressed and puri®ed from E. coli strain BL21pLys using glutathione sepharose beads as described (Zarkowska and Mittnacht, 1997) . GST-pRb (1 ± 928) was then eluted from the beads using excess glutathione, and estimates of the amount of eluted GST-pRb were made by comparing silver stained band intensities with those of known quantities of bovine serum albumin. GST was expressed and puri®ed from E. coli similarly. The coding sequence of p125 was inserted into the GEX-5X-3 vector which was used to transform BL21pLys and GST-p125 expression was performed as described for GST-pRb. For pull-down assays, cells were washed twice with ice cold TBS (25 mM Tris-HCl pH 8.0, 150 mM NaCl) and lysed for 20 min with 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40) containing 10 ug/ml of the protease inhibitors aprotinin, leupeptin, and phenylmethylsulfonyl¯uoride (PMSF). The lysates were cleared by centrifugation at 14 000 g for 10 min. Protein concentration was determined (Bradford, 1976) . Two hundred ug of cellular lysate was incubated with 0.5 ug of fusion protein and rocked at 48C for 1 h. Glutathionesepharose 4B beads (Pharmacia) were washed with buer, and added to the pull down reactions for 1 h. Beads were isolated by centrifugation and washed with buer four times. Speci®cally bound material was eluted by incubation with 50 mM glutathione pH 7.5, boiled in 26SDS ± PAGE sample buer (4% SDS, 20% (v/v) glycerol, 0.2 M dithiothreitol, 0.24 M Tris-HCl, pH 6.8) and subjected to electrophoresis and Western blotting. Blocking experiments were performed with bacterially expressed large T antigen (0.5 ug) or 100 ng LXCXE peptide by preincubation with GST-Rb for 1 h, rocking, at 48C prior to the pull down assay as described above.
SDS ± PAGE, Western blotting
Electrophoresis was performed in 6, 8 or 10% SDSpolyacrylamide gels using 100 ug total cell lysate or total immunoprecipitate for each sample lane. After electrophoresis, the proteins were transferred to nitrocellulose paper in buer containing 25 mM Tris-HCl, 192 mM glycine, 20% v/v methanol, and 0.01% SDS, pH 8.5. Residual protein binding sites on the membrane were blocked by incubation for 30 min in TBST (25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Tween-20) containing 4% non-fat dry milk. Next, the nitrocellulose was incubated in TBST containing 2% nonfat dry milk containing 1 ug/ml of one of the following antibodies: monoclonal 78F5 to p125 (Jiang et al., 1995) ; antibody to pRb (PMG3-245; Pharmingen, San Diego, CA, USA); antibody to underphosphorylated Rb (G99 ± 549; Pharmingen) overnight at 48C. Following three washes of 10 min each with TBST, membranes were incubated with horse-radish peroxidase conjugated anti-IgG (Southern Biotechnology) and developed using chemiluminescence detection (Pierce, Rockford, IL, USA) according to the manufacturer's instructions.
Coimmunoprecipitation
Cells were collected by trypsinization and lysed in ice cold kinase buer (20 mM MOPs, pH 7.2, 25 mM B-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol) containing protease inhibitors (10 ug/ ml of aprotinin, leupeptin, and PMSF) followed by sonication. Cell lysates containing 0.5 ± 1.0 mg of protein were normalized to the same volume (approximate protein concentration 1 mg/ml) and following a 1 h preclearing with Staphylococcus protein A-or protein G-Sepharose beads (Sigma), were immunoprecipitated for 1.5 ± 2 h with primary antibody at 48C. Next, 100 ul of a 1 : 1 slurry of protein A or protein G beads was added and the precipitations were incubated an additional hour. After three washes with kinase buer, immunoprecipitates were analysed by SDS ± PAGE.
DNA polymerase assays
DNA polymerase d was puri®ed from calf thymus as described (Jiang et al., 1995) . The polymerase assays (Roche Molecular Biochemicals) were performed according to the manufacturer's instructions. Brie¯y, DNA polymerase d enzyme was incubated with digoxigenin-and biotin-labeled nucleotides in an optimized ratio which are then incorporated into a DNA molecule. The DNA synthesized is quanti®ed by the following procedure: the biotin-labeled DNA binds to streptavidin coated plates, followed by detection with peroxidase conjugated antibodies raised to digoxigenin. After addition of peroxidase substrate, the results were obtained using a Bio-Rad model 550 microplate reader. In our assays, we utilized 5 ul of puri®ed DNA polymerase d, and performed the assays in the presence of 1 or 10 ng of GST or GST-pRb in a total volume of 100 ul. The amount of GST-pRb utilized in this assay was several fold lower than amounts used in a published report of the eect of GST-pRb on DNA polymerase activity (Sterner et al, 1998 used 3 .3 ng/ ul ®nal concentration).
